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Abstract
Shapememory alloys (SMAs), particularly nickel-titanium (NiTi) based systems, arewidely
recognized for their unique shapememory effect and superelastic behavior, driven by reversible
martensitic phase transformations. To enhance these functional properties for advanced applica-
tions, alloyingwith elements such as copper (Cu) and silver (Ag)has been explored. This study
investigates the synthesis and characterization of a novel quaternaryNiTiCuAg shapememory alloy.
The alloywas fabricated via arc-melting fromhigh-purity elemental powders, followed by
application of varying uniaxial compressive pressures to assess their effects on phase transformation
behavior. Thermal, structural, andmicrostructural properties were evaluated usingDifferential
ScanningCalorimetry (DSC), Scanning ElectronMicroscopy coupledwith Energy-Dispersive x-ray
Spectroscopy (SEM-EDX), and x-rayDiffraction (XRD). The results aim to elucidate the combined
effects of compositional tailoring andmechanical processing on the functional performance of
NiTiCuAg SMAs, with implications for their use in high-performance, pressure-sensitive
applications.

1. Introduction

Shapememory alloys (SMAs) are a unique class ofmaterials that can recover their original shape after
deformationwhen exposed to specific thermal ormechanical stimuli [1]. Among these, nickel-titanium (NiTi)
alloys, commonly known asNitinol, have garnered significant attention due to their exceptional shapememory
effect and superelasticity. These properties arise froma reversiblemartensitic transformation between the
high-temperature austenite phase and the low-temperaturemartensite phase.Nitinol’s remarkable attributes,
including high damping capacity [2], corrosion resistance [3], and biocompatibility [4], have led to its
widespread application in biomedical devices [5], actuators [6], and aerospace components [7]. Despite the
superior properties ofNiTi alloys, research continues to enhance their functional performance tomeet the
requirements of advanced engineering and biomedical applications. Themost effectivemethod to achieve this
goal is alloyingNiTiwith additional components. Phase transformation temperatures,mechanical strength,
and functional stability can be adjusted to the desired level using thismethod. The cyclic stability of the shape
memory effect is a result of the copper (Cu) addition reducing the stability of themartensitic transformation
and thermal hysteresis [8–10]. The addition of silver (Ag) increasesmechanical strength and corrosion
resistancewhile also imparting antibacterial properties. This is a significant advantage, particularly for
biomedical implant and stent applications [11].

The addition of Cu andAg toNiTi alloys not only alters their phase transformation properties but also
affectsmicrostructure andmechanical performance. TheCu addition improvesmartensitic transformation
behavior by narrowing the transformation temperature range. Ag enhances compressive strength and
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antibacterial properties while achieving these improvementswithout significantly compromising shapemem-
ory. Research in the literature shows thatNiTi alloyswithAg additions exhibit both high compressive strength
andmaintain the desired transformation temperatures. Therefore, they are suitablematerial options for appli-
cations requiringmechanical strength and biocompatibility [12–15].

In this study, the synthesis and characterization of a quaternaryNi39Ti49Cu8Ag4 (%at.) shapememory alloy
were performed. Specifically, this study focused on investigating the effects of different uniaxial pressures on
the phase transformation behavior andmicrostructural evolution of the alloy.Ni39Ti49Cu8Ag4 (%at.) alloys
produced in ingot formwere subjected to different uniaxial pressures. This demonstrated that the phase trans-
formation properties and structural changes are pressure-dependent. Differential ScanningCalorimetry (DSC)
was used to determine the thermal properties of the alloy, Scanning ElectronMicroscopy-EnergyDispersive
x-ray Spectroscopy (SEM-EDX)was used to examine themicrostructure and distribution of elements, and
x-rayDiffraction (XRD)was used for phase analysis. This systematic approach aims to contribute to the under-
standing of process-parameter-property relationships by detailing the effects ofmechanical pressure on the
structural and functional properties of theNi39Ti49Cu8Ag4 (in at.) alloy.

2.Material andmethods

2.1.Materials
High-purity elemental powders ofNickel (Ni), Titanium (Ti), Copper (Cu), and Silver (Ag)with a purity of
�99.99%were procured fromSigma-Aldrich. These powderswere selected as the startingmaterials for the
synthesis of the quaternaryNiTiCuAg shapememory alloy (SMA). Allmaterials were usedwithout further
purification.

2.2. Sample preparation
For the preparation of the alloy having the compositionNi39Ti49Cu8Ag4 the required amounts ofNi, Ti, Cu,
andAgwere calculated based on the target composition of theNiTiCuAg alloy and accuratelyweighed using a
high-precision electronic analytical balancewith a sensitivity of 0.1mg. The powderswere then thoroughly
mixed to ensure homogeneity. Aftermixing, the powdermixturewas cold-pressed into a pellet using a
hydraulic press to improve handling and facilitate arcmelting. The pellet was then subjected to arcmelting in a
water-cooled copper crucible under a high-purity argon atmosphere to prevent oxidation. The arcmelting
process was repeated three timeswith flipping between eachmelt to ensure chemical uniformity. The resulting
alloy ingot was allowed to cool naturally to room temperature inside the arcmelting chamber. The as-melted
ingotwas then sectioned into five equal parts using a cuttingmachine. These sampleswere each subjected to
different amount uniaxial compressive pressures: 0MPa, 100MPa, 200MPa, 300MPa, and 400MPa. The
sampleswere labeled as S1, S2, S3, S4, and S5, respectively, corresponding to the applied pressure.

2.3. Characterization techniques
Phase transformation behavior of the alloy sampleswas investigated using aDifferential ScanningCalorimeter
(DSC). Themeasurementswere performed in a nitrogen atmosphere at a heating and cooling rate of
10 °Cmin−1. in the temperature range of−50 °C to 150 °C. This analysis aimed to determine the change of
martensitic transformation temperatures and the thermal stability of the samples under different applied
pressures. Themicrostructural features and elemental distribution of the sampleswere examined using
Scanning ElectronMicroscopy (SEM) coupledwith Energy-Dispersive x-ray Spectroscopy (EDX). Prior to
imaging, the samplesweremechanically polished. EDX analysis was conducted to confirm the elemental
composition and uniformity across the sample surfaces. Phase identification and structural analysis were
carried out using x-rayDiffraction (XRD). Themeasurementswere performedusingCuKα radiation
(λ = 1.5406Å) over a 2θ range of 20°–80°, with a step size of 2°. The obtained diffraction patternswere analyzed
using standard databases to identify crystalline phases and assess the effect of pressure on structural changes.

2.4. Synthesis workflow
Avisual representation of the synthesis and characterization process is illustrated in Scheme 1,which outlines
the sequence from rawmaterial selection, alloy preparation, pressure treatment, and subsequent
characterization.

3. Results and discussion

The x-ray patterns of the alloy subjected to different pressures are shown in figure 1(a). The x-ray diffraction
patterns of the alloywere determined to be compatible with existing studieswith the help of literature XRD
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indexed by [16–18]. These detected peaks belong to the B2 (austenite, high temperaturemain phase peak, bcc
crystal structure [19]) andB19 (martensite, low temperature product phase peak, orthorombic crystal structure
[19])phases. Upon careful examination of figure 1(a), it can be seen that the S3 sample subjected to 200MPa
compression pressure has a distinctly sharper andmore intense diffractionpeak compared to the other samples.
This increase in peak intensity and decrease in full width at halfmaximum (FWHM) indicate an increase in
crystallinity and a decrease in lattice defects. This is due to structural improvement resulting from the
rearrangement of the crystal lattice under high pressure. To better understand this evolution in the crystal
structure, the crystallite grain sizes of the alloyswere calculated using the Scherrer equation based on the
FWHMvalues of the dominant diffraction peaks. This parameter also affects themechanical properties of the
alloys. The crystallite size of the alloyswas estimated by the Scherrer equation (1) [20]:

( ) ( )/=D K cos 1

where , , , and K are the x-raymonochromaticwavelength, diffraction angle, full width at halfmaximum
(FWHM), and Scherrer’s constant ( 0.9). Figure 1(b) shows the crystallite size distribution of the alloys
obtained fromXRDpeak broadening analysis. Each histogram represents the distribution of crystallite sizes
calculated for the corresponding sample. The horizontal axis indicates the crystallite size (nm), while the
vertical axis represents the number of crystallites (count). The crystallite size values were calculated from the
full width at halfmaximum (FWHM) of the diffraction peaks using the Scherrer equation, where the same
peak-fitting procedurewas applied to all samples after background subtraction, Kα2 stripping, and smoothing
of the diffraction patterns usingX’PertHighScore. Several well-resolved reflectionswere used to calculate the
crystallite sizes and construct the size distribution histograms.

TheXRD refinement further confirmed the coexistence of two crystalline phases in the alloys, namely the
Austenite phase and theMartensite phase.Quantitative phase analysis based on the fitted peak intensities
showed that themartensite fractionwas approximately 51.74% for sample S1 and 60.19% for sample S5, indi-
cating that the applied pressure conditions influence the phase balance in the alloy. The presence of the auste-
nite phase, although smaller than themartensite phase, remains significant and contributes to the overall
diffraction pattern.

The average crystallite sizes obtained for the sampleswere S1: 12 nm, S2: 12 nm, S3: 12 nm, S4: 6 nm, and S5:
14 nm. Since the crystallites are smaller than 100 nm, they cannot be directly observed using opticalmicroscopy
and are generally below the reliable crystallite-resolution limit of conventional scanning electronmicroscopy.
In samples S1, S2, and S3, the distributions are relatively broad and the deviations from themean value are
larger, whichmay indicate heterogeneous nucleation and growth conditions. In contrast, sample S4 exhibits a
narrower distribution concentrated at smaller crystallite sizes, suggesting amore homogeneous and refined

Scheme 1.The preparation and characterization techniques applied on the SMAs.
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microstructure. Sample S5 shows a largermean crystallite size together with a broader distribution, whichmay
indicate enhanced crystallite growth under the corresponding pressure conditions.

It was observed that sample S4 (synthesized under 300 MPa pressure) exhibits the smallest crystal-
lite size among all samples, indicating that high pressure suppresses crystallite growth and promotes
grain refinement. Overall, the results show that the crystallite size and phase distribution of the alloy
are strongly influenced by the applied high pressure during synthesis. These results highlight that con-
trolling crystallite size and phase composition is crucial in the synthesis process, as narrower size

Figure 1. (a)TheXRDpattern for various pressures, (b)The crystallite size of the alloys.

4

Phys. Scr. 101 (2026) 145914 CTatar et al



distributions and smaller crystallites are generally associated with more homogeneous and structurally
stable materials.

Infigure 2(a), themicrostructural properties of the samplesproduced at different pressingpressureswere exam-
inedby scanning electronmicroscope (SEM), and the results of surface composition analysis by energydispersive
spectroscopy (EDS) are given infigure 2(b). SEM images clearly reveal the effects of increasingpressingpressureon
the sample surfacemorphology: accordingly, for the SEMimageof the S1 (0MPa) alloy: This sample,whichhasnot
been subjected to anypressingprocess, has a very irregular andporous structure. Thebondingbetween theparticles
isweak and compactionafter sinteringhasnot been achieved. S2 (100MPa): Theporosity rate hasdecreased sig-
nificantlywith the appliedpressure, amore compact andhomogeneous structurehas beenobtained.The contact
between theparticles has increased and the sinteringquality has relatively improved. S3 (200MPa): In this sample,
thedensity has increased and thepores in themicrostructurehave largelydisappeared.Theparticles arebetter
bonded to eachother, and a tighter andmore solid structure has emerged. S4 (300MPa): Themicrostructurehas
reachedmaximumcompactness. The amountof pores hasdecreased to aminimum, and the structure appears to be
completely integrated.This pressure levelmayhaveprovided themost suitable sinteringbehavior. S5 (400MPa):
Excessive pressure applicationhas led to structural deterioration. Large-sizedpores and crack-like structures have
beenobserved.This situation canbe explainedbyparticle deformation causedbyhighpressureor the springback
effect [21]. EDSanalyseswere performed simultaneouslywith SEMimaging to examine thedistributionof elements
on the surface.Nickel (Ni), Titanium (Ti), Silver (Ag) andCopper (Cu)weredetected as themain elements in all
samples. The elemental compositionswere generally consistentwith the target composition. EDS results show that
the elemental ratios donot change significantly despite the increase inpressingpressure. This reveals that the pro-
ductionprocess is controlled in termsof preserving the chemical composition.However, thedifferences inmicro-
structurewill bedecisive on themechanical performance.The increase inpressingpressureprovides direct
improvement inmicrostructural integrity and sinteringquality. Especially in the rangeof 200–300MPa, poreswere
minimized anda compact structurewas obtained.However, at excessive pressure levels such as 400MPa, pore
formation and structural deteriorationoccurred again. InEDSanalyses, itwas seen that the elemental composition
remained stable,which supported thehomogeneity of the productionprocess. These results highlight the critical
role of pressingpressure inmulticomponent systemsproducedbypowdermetallurgy. Pressingpressure shouldbe
carefully selected tooptimizemechanical and structural properties.

In figure 3,mapped Scanning ElectronMicroscope (SEM) images of alloy samples obtained under different
applied isostatic pressure conditions are presented. These images allow the evaluation of changes in themicro-
structure of the alloy together with elemental distributionmaps. The colored areas in the images represent the
densities of different elements and provide information aboutmicrostructural features such as homogeneity of
the structure, phase distribution and porosity. For sample S1; In the reference sample producedwithout any
pressure, an irregular and heterogeneousmicrostructure in terms of density is observed. The porosity ratio is
relatively higher. There are scattered and segregation tendencies in the elemental distribution. This structure is
an indication that itmay exhibit a weak behavior in terms ofmechanical properties [22]. For sample S2, it is
observed that amore compact and tight structure is formed in themicrostructurewith the application of pres-
sure. It is noticed that the porosity decreases and the spaces between the grains are less pronounced. Themore
homogeneous distribution of the elements indicates thatmicrosegregation decreases [23]. This situation sug-
gests that themechanical strength starts to increase and amore controlled structure is obtained. If S3 - 200MPa
is examined;With the increase in pressure, a distinct orientation and band structures have formed in themicro-
structure. This probably indicates oriented recrystallization zones during deformation. At the same time, finely
structured and regularly distributed second phase particles are seen. This structure shows that phase separation
is controlled and a certain texture has begun to develop. S4 - 300MPa: if examined; the structure has become
quite complex.Different phases can be clearly distinguished; in some regions themicrostructure is dense, in
some regions there is irregular structuring and dense voids. In the elementalmaps, regionswith a tendency to
segregation are revealed. This shows that high pressure can trigger the formation of heterogeneous phases by
causingmicrostructural stresses in some regions [24]. Finally, S5 - 400MPa:Under extreme pressure condi-
tions, large pores and irregular voids have formed in the structure. The clarity of grain boundaries has
decreased, phase precipitation and voids have becomedominant in some regions. This structuremay have
negative consequences in terms of themechanical and thermal stability of thematerial. It is understood that
when the pressure exceeds a critical threshold, it leads themicrostructure to deterioration and loose phase
separation.

These SEM images show that the applied pressure seriously affects themicrostructure. Low andmedium
pressure applications (S2-S3) increased the density and integrity of the structure by reducing porosity and pro-
viding amore homogeneous distribution of elements.However, at high pressure levels (S4-S5), undesirable
structures such as phase separation, increased porosity and segregation occurred in themicrostructure. This
shows that the optimumpressure value is critical in the production process andmust be carefully controlled to
maintain structural integrity.
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The differential scanning calorimetry (DSC) plot is used to study the phase transformations that amaterial
undergoes under temperature change and the heat absorbed or released during these transformations. Figure 4
shows theDSC (Differential ScanningCalorimetry) curves of samples obtained under different applied

Figure 2. (a)The SEM images, (b)EDX results of all samples.
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pressure levels.When the curves are examined, characteristic phase transitions are clearly observed for each
sample. Endothermic and exothermic peaks occurring during the heating and cooling cycles represent themar-
tensite→ austenite and austenite→martensite transformations, respectively [25, 26]. The starting and ending

Figure 3.Mapping SEM images of alloys.
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temperatures (Ms,Mf, As, Af) corresponding to these transformations aremarked on each sample [27–29]. The
obtained data reveal that the applied pressure has a significant effect on the phase transition temperatures.
While themartensite transformation occurs at lower temperatures under low pressure (S1), it is observed that
these transformation temperatures shift generally upwards as the applied pressure increases (S2-S5). Addition-
ally, it has been observed that the transition temperature range between the austenite phase and themartensite
phase occurs over awider range as the applied pressure increases. This situationmay be related to pressure
affecting the atomic-level order, thereby influencing the crystal structure and consequently altering the ther-
modynamic stability and transformation temperatures of themartensite phase [30]. Thus, when examining the
shape and area of endothermic and exothermic peaks inDSC curves, it is observed that the enthalpies of trans-
formation are also affected by pressure. The expansion observed in peak areas as pressure increases indicates a
decrease in the amount of heat absorbed or released during transformation. Thismay be an indicator of chan-
ges in transformation kinetics. In this context, the controllability of transformation temperatures enables the
functional customization of the alloy in pressure-sensitive applications—such as actuator systems, sensors, or
thermomechanicalmemory elements. [31]. Table 1 shows somephysical parameters of the alloy determined by
DSC analysis. The equilibrium temperature at which theGibbs free energies ofmartensite and austenite are
equal is expressed as ‘To’; it is calculated by summing themartensite start (Ms) and austenite end (Af) tempera-
tures and taking the average [32–34]. There is a significant decrease in temperature at theMf point. This indi-
cates that transformation to themartensitic phase ismore difficult under high pressure. The dramatic decrease
atMf shows that the temperature required for themartensitic phase to complete is highly sensitive to pressure.
The austenite transformation temperature and themartensite transformation temperature increase regularly
with pressure. This indicates that the transformation to the austenite phase begins and completes over awider

Figure 4.TheDSCpattern as a function of applied pressure.

Table 1. Somephysical parameters of the alloy determinedwith the help ofDSC analysis.

Sample Pressure (MPa) Ms (℃) Mp (℃) Mf (℃) As (℃) Ap (℃) Af (℃) To (℃) Temperature hysteresis (℃)

S1 0 58.5 47.4 18.9 43.2 70.6 77.8 68.1 24.3

S2 100 59.8 46.6 15.3 33.4 70.8 82.3 71.2 18.1

S3 200 63.9 48.8 21.1 44.5 70.1 81.4 72.8 23.4

S4 300 60.4 27.7 −4.3 45.8 73.2 90.9 75.6 48.1

S5 400 64.2 42.02 −4.9 49.5 75.6 96.6 80.4 54.4
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temperature range,meaning that themartensite phase becomesmore stable with increasing pressure. TheTo

value in the data increases slightly with pressure: S1: 68.1 °C→ S5: 80.4 °C; this shows that the overall transfor-
mation temperature shifts to higher values under high pressure. Several key thermodynamic parameters were
calculated based on the heat flowdata recorded during phase transitions.One of these is the enthalpy change
(ΔH) from thermodynamic values. Since the alloy exhibits phase transformations, the heat absorbed or
released can be determined by the equation (2) [35], which can be used to calculateΔH.This parameter is
fundamental in evaluating the energy required to overcome the structural rearrangement associatedwith phase
changes:

( )=H
dq

dt

dT

dt
dT 2M A

A

A 1

s

f

hereT represents absolute temperature and t represents time. Entropy (ΔS) can be defined as another physical
parameter of alloys that can change during a thermodynamic process [36]. Entropy can be foundwith the help
of equation (3) [37, 38]:

( )=S
H

T
3M A

M A

o

hereTo is the equilibrium temperature, as previously defined in the text. TheGibbs free energy (G) value varies
proportionally with temperature.Moreover, theGibbs free energy change (ΔG)which provides information
about the spontaneity and thermodynamic favorability of the phase transformation and elastic energy∆Ee

stored in the self-accommodatedmartensitic variants can be calculated at specific transformation temperatures
using equations (4), (5): [39, 40]

( ) ( ) ( )=G M T M S 4M A
s o s

M A

( ) ( )=E M M S 5e
M A

s f
M A

Inmaterials such as shapememory alloys, there is often a temperature difference (such asΔT=As -Mf)
during themartensite↔ austenite transformation [41]. This difference is called thermal hysteresis (H). It is
known in the literature that hysteresis inmartensitic transformations that occur depending on temperature is
closely related to the composition of the alloy [42]. However, the relationship between pressure and theAs, Af
transformation temperatures for the alloy can be expressed using theClausius–Clapeyron equation [34].

( ) ( )
( )

( )d A

d

A

H
6s

M A
s

M A

In this equation, M A) is the temperature-dependent stress,σ is the applied pressure, ρ is the density of the
alloy, and∆HM-A is the enthalpy change during themartensite-to-austenite transformation. From this, the
approximate value of M A was calculated using the following equation [34, 43]:

( ) ( ) ( )
( )

( )=
° °A A

Mpa
% 1.61

C C
7M A s s0

In this equation, ( )°A Cs is the austenite start temperature of the pressure-applied sample, ( )°A Cs0 is the
austenite start temperature of the non-pressure-applied alloy, andσ is the applied pressure value inMPa
[34, 43]. To better illustrate the effect of applied pressure on thermal and thermodynamic behavior, the calcu-
lated parameters derived from theDSC curves are tabulated in table 2. Accordingly, interpretation of these
results sheds light on the fundamentalmechanisms driving phase behavior under varying pressure conditions,
as detailed below. These parameters include forward (martensite→ austenite) and reverse (austenite→mar-
tensite) transformation enthalpies (ΔHM→A andΔHA→M), entropy change (ΔSM→A), free energy change
(ΔGM→A), elastic energy difference (ΔEe), and temperature hysteresis (H). These values are critical for deter-
mining how the alloy’s phase transformation behavior responds to pressure.While theΔHM→A value is 19.7
J·g−1 at 0MPa, it generally decreases with increasing pressure, reaching aminimumvalue of 12.4 J·g−1 at 200
MPa. This indicates that themartensite to austenite transformation requires less energy under high pressure.

Table 2.Thermal analysis parameters derived fromDSCmeasurements of alloys exposed to varying pressure conditions.

Pressure (MPa) ΔHM→A (J.g−1) ΔHA→M (J.g−1) ΔSM→A (J(g.oC)−1) ΔGM→A (J/g) ΔEe (J/g) εM-P (%)

0 19.7 16 0.289 2.777 11.456 —

100 16.7 12 0.234 2.673 10.413 0.158

200 12.4 10.1 0.170 1.515 7.276 0.010

300 14.8 13.2 0.195 2.974 12.616 0.013

400 15.5 14 0.192 3.123 13.267 0.025
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However, a slight increase in enthalpy values is observed at 300 and 400MPa (14.8 and 15.5 J·g−1, respectively),
suggesting that an increase in enthalpymay occur due to structural rearrangements at high pressure.ΔHA→M

values follow a similar trend, decreasing from16 J·g−1 at 0MPa to 10.1 J·g−1 at 200MPa, and then increasing
again to 14 J·g−1 at 400MPa. This indicates that forward and reverse recycling processes respond differently to
pressure and that the transformationmechanisms are pressure sensitive.

The entropy change reflects changes in the disorder of the system. TheΔSM→A value decreases significantly
with pressure (from0.289 J (g·°C)−1 at 0MPa to 0.192 J·(g·°C)−1 at 400MPa). This decrease indicates that
microstructural disorder decreases with pressure during the transformation and phase transitions become
more orderly. The free energy change represents the thermodynamic driving force of the transformation. The
ΔGM→A value is 2.77 J at 0MPa, then increasing to 3.123 J at 400MPa. Accordingly, it is observed that the
transformation requiresmore energy is required at higher pressures. This suggests that the kinetics and crystal
structure of the phase transformation change under pressure.ΔEe represents the elastic energy accumulated or
released during the transformation.ΔEe, which is 11.456 J at 0MPa, decreases to 7.276 J at 200MPa, and then
increases to 12.616 J and 13.267 J at 300 and 400MPa, respectively (figure 5(a)). This change indicates that the
structure accumulates lessmechanical energy at lowpressures, while elastic deformation increases at higher
pressures. Temperature hysteresis (H) represents the difference between the forward and reverse conversion
temperatures and is important for the reversibility of phase transitions. The hysteresis value varies nonlinearly

Figure 5. (a). The variation of the elastic energy of sampleswith applied pressure. (b). The variation of the strain of sampleswith
applied pressure.
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with pressure. The hysteresis, which is 23.2 °Cat 0MPa, reaches amaximumof 54.4 °Cat 400MPa. This
suggests thatmoderate pressures create a greater energy barrier during the conversion, while this barrier
decreases relatively at higher pressures. It was observed that both themartensite to austenite (ΔHM→A) and
austenite tomartensite (ΔHA→M) transformation enthalpies decreasedwith increasing pressure, but this
decreasewas reversible at high pressures. The entropy change (ΔSM→A) and free energy change (ΔGM→A)
values decreased in the low- tomedium-pressure range and increased again at high pressure. This suggests that
pressure reshapes the thermodynamics of the transformation by affectingmicrostructural arrangements. Para-
meters such as the elastic energy difference (ΔEe) and temperature hysteresis revealed that themechanical
responses of the systemduring the transformation are sensitive to pressure. Figure 5(b) shows that as pressure
increases, the internal stress percentage decreases due to the increase in the thermoelastic properties of the
sample and its internal response to the applied pressure. This transformation accumulates in the formof lattice
changes or distortions at the atomic level, reflecting the shape change of the crystal. Therefore, the thermo-
elasticmartensitic transformation is both amechanical and thermal process, and specific thermodynamic con-
ditions explaining the effects of stress and temperature on the transformation have been defined thanks to this
unique interaction [40].

4. Conclusion

In this study, the effects of varying uniaxial pressing pressures on themicrostructural, thermal, and phase
transformation behaviors of a quaternaryNi39Ti49Cu8Ag4 shapememory alloywere systematically
investigated. XRDanalysis confirmed the presence of both B2 (austenite) andB19 (martensite) phases across all
samples, with notable peak sharpening at 200MPa, suggesting improved crystallinity. Crystallite size
calculations using the Scherrer equation revealed that pressure directly influences grain refinement, with the
smallest average crystallite size observed at 300MPa, indicating amore homogeneousmicrostructure. SEM
andEDS analyses demonstrated thatmoderate pressures (200–300MPa) enhance sintering quality, reduce
porosity, and result in better particle bonding andmicrostructural integrity.However, excessive pressure (400
MPa) led to the formation of cracks, large pores, and elemental segregation, highlighting a degradation in
structural uniformity.Mapped SEM images further confirmed that optimal pressure levels promote uniform
elemental distribution,while excessive compaction inducesmicrostructural heterogeneity and phase
separation.DSC analysis revealed that phase transformation temperatures (Ms,Mf, As, Af) are highly sensitive
to applied pressure.With increasing pressure,martensitic transformation becamemore difficult, while
austenitic transformation temperatures increased, indicating enhanced thermodynamic stability of the
martensite phase. The observed narrowing ofDSCpeak areaswith pressure suggests a reduction in
transformation enthalpies and altered transformation kinetics. A general evaluation of the parameters
associatedwithDSC analysis reveals that increasing pressure initially facilitates phase transformation, but after
a certain threshold, it leads to an increase in transformation energies and structural hysteresis. These findings
demonstrate that pressure is a critical control parameter not only at the thermal but also at the structural level,
providing an important basis for pressure-optimized shapememory alloy designs.Moderate pressures not only
improvemicrostructural compactness and phase stability but also enable functional tunability of transforma-
tion behavior-making such alloys highly promising for use in advanced applications such as actuators, sensors,
and biomedical devices.
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